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Ophthalmic plaque brachytherapy is a form of internal radiation treatment for uveal melanoma,
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retinal wall, especially when the tumor is shallow and difficult to locate using computed
tomography (CT). However, the conversion of the 3-D eye into a 2-D photograph inevitably
leads to image distortion that can warp the perception of tumor location. To assess this distortion,
a 3-D printed eye phantom was designed and printed to functionally model the size and simple
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1 INTRODUCTION

1.1

Problem Overview and Significance

Uveal melanoma is the most common ocular cancer in adults [1]. It is a rare but aggressive
disease of the eye that affects approximately one in every 200,000 people [2] [3]. While multiple
treatment options exist for intraocular tumors such as uveal melanoma, one of the most common
approaches is the use of an ophthalmic plaque [4]. Eye plaques contain small slots that are loaded
with radioactive seeds, often iodine-125 (125I), and placed directly on the sclera of the eyeball to
deliver a high average radiation dose of 85 Gray (Gy) to the tumor site [4] [5].
A combination of computed tomography (CT), ultrasound, and fundus (retinal) imaging is
used in clinical oncology settings to identify the size and location of the tumor(s) [6].
Subsequently, treatment planning software relies on accurate imaging to create an appropriate eye
plaque brachytherapy plan. CT imaging is considered the gold standard for identification of tumor
location along the retinal wall. However, thin (shallow) tumors that extend no more than a few
millimeters from the retinal wall are difficult to locate using CT imaging. For such tumors, fundus
imaging becomes the primary tool for tumor location. Fundus images are inherently distorted
during the conversion of a three-dimensional (3-D) retinal surface into a two-dimensional (2-D)
photograph. This is especially prevalent toward the periphery of the imaged retinal area. A great
deal of effort has gone into minimizing the distortion that exists in fundus photographs, yet the
problem persists.
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Fundus distortion becomes a clinical issue when planning radiation treatment at the site of
shallow tumors. Even after size calibration within treatment planning software, fundus images do
not accurately represent the location of the tumor along the retina when mapped onto a retinal
diagram. A correct identification of the tumor location is essential when planning where to place
an eye plaque along the sclera and the radioactive seeds within the plaque. Plaque placement in
treatment planning software is then directly translated into semi-permanent placement of the
plaque onto the patient’s affected eye during surgery. If the plaque is not correctly placed over the
tumor site during this process, the patient may receive unnecessary radiation dose to healthy retinal
tissue. Additionally, the tumor site may not receive the entire prescribed radiation dose. This can
prevent treatment success and lead to the need for subsequent treatment, usually enucleation.
Failure to adequately treat the tumor increases the possibility of metastases as secondary cancers
throughout the body.

1.2

Relevance to Radiation Health Physics

Radiation health physics is a field focused on the protection of people and the environment
from the effects of radiation. When a patient undergoes radiotherapy as a form of cancer treatment,
they receive a high radiation dose that is directed at the site of a malignant tumor. From a health
physics perspective, the primary goal is to deliver a sufficient radiation dose to the tumor site while
minimizing the dose to surrounding, healthy eye tissue. Fundus distortion plays a role in the
accuracy of the administered radiation dose to a patient undergoing eye plaque brachytherapy. By
quantifying and analyzing the level of distortion in fundus imaging, the results of this project can
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lead to clinical improvements in eye plaque treatment planning and more accurate radiation dose
delivery to patients.

1.3

Research Objectives

This primary goal of this project is to design and fabricate a novel eye phantom that can be
used to verify and quantify the distortion of fundus imaging during the eye plaque brachytherapy
treatment planning process. This will be achieved by creating a human eye model using computeraided design (CAD) that will be 3-D printed and used as a calibration and quality assurance tool.
Another objective of this research is to outline a proposed method to continue the image distortion
investigation. The proposed methodology includes assembly and photography of the 3-D printed
eye model using a fundus camera to obtain model images that can be analyzed for distortion levels
through the comparison of the true eye model measurements. A subsequent goal of the proposed
research continuation is to analyze how fundus image distortion impacts the ability of Plaque
Simulator™ treatment planning software to correctly identify tumor location along the retinal wall
using a polar retinal diagram and the 3-D printed eye model fundus images.
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2 LITERATURE REVIEW

2.1

Anatomy of the Human Eye

The human eye (Figure 1) is a complex biological structure that functions to provide vision.
The cornea is the most anterior component of the eye [7]. It is transparent and allows for incoming
light to focus as it passes through and enters the eye [7]. The average index of refraction of the
cornea is 1.376 [8]. The outermost, white, protective layer of the eye that surrounds the cornea and
the rest of the eyeball is known as the sclera [7].
The uvea, or uveal tract, is a group of ocular structures that collectively comprise the
middle layer of the ocular wall [9]. The uvea consists of the choroid, iris, and ciliary body [3] [9].
The choroid is a vascular layer that is located between the sclera and retina (see Section 2.1.2) [9].
The iris is a pigmented, ring-shaped structure that is located posterior to the cornea [7]. It controls
the amount of light that enters the eye via movements that cause either dilation (widening) or
constriction (narrowing) of the pupil [10]. The pupil is a dark, circular hole located in the center
of the iris that varies in size from 2 mm in a bright environment to 8 mm in a dark environment
[11].
The aqueous humor is a transparent, watery substance located between the cornea and iris
[8]. An intraocular lens sits behind the pupil (see Section 2.1.1). The ciliary muscle modifies the
thickness of the lens, allowing for the adaptive focus of light to the retina [8] [9]. Posterior to the
lens, the volume of the eye primarily consists of the vitreous humor, which is a transparent and
jelly-like substance [8].
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Figure 1: Major structures that comprise the human eye. Adopted from [7].

2.1.1

The Lens and Cataract Formation

The ocular lens is a transparent structure that is located posterior to the iris [7]. The lens is
biconvex in shape and has a crystalline structure [12]. Its refractive index is approximately 1.4,
with published values including 1.39 and 1.413 [8] [12]. The lens is primarily responsible for
focusing incoming light on the retina by adjusting, or accommodating, its curvature with assistance
from the ciliary body [12]. This mechanism allows for the eye to properly refract light to focus
and view images that are both near and far in distance [12] [13].
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The anterior portion of the lens is composed of a layer of epithelial cells that undergo
mitosis and fill the lens cavity as it develops [12]. Over time, the epithelial cells within the lens
mature into lens fibers, which form a compact structure [12]. The refractive index of the lens varies
with the differing layers of epithelial cells, meaning that the human lens possesses gradient-index
(GRIN) optical properties [8] [12]. The structure of the ocular lens is unique in that it is surrounded
by a lens capsule, which encases all cells that make up the lens [12]. As cells in the lens mature
and eventually die, there is no mechanism for cell removal [12] [14].
The unique structure of the ocular lens makes it susceptible to cataract formation, known
as cataractogenesis. Cataract is a general term that refers to any clouding of the lens that reduces
the overall transparency [13]. Cataractogenesis occurs when proteins within the lens break down
and clump together, causing opacity [13]. Several risk factors exist for cataract formation,
including exposure to ionizing radiation (see Section 2.5.5) [15]. Age is the most common factor
that contributes to risk of cataractogenesis, with most affected individuals over the age of 60 [13].

2.1.2

The Retina

The retina is located at the back of the eye, lining the inner wall of the eye [7]. It plays an
integral role in the transmission of visual messages to the brain for processing because of its
involvement in the central nervous system [16]. The sheet-like retinal wall contains layers of nerve
cells that each have a function in the conversion of light to electrochemical signals (Figure 2) [16].
The primary types of cells that make up the retina are photoreceptors, ganglion cells, bipolar cells,
horizontal cells, and amacrine cells [16]. Photoreceptors are neurons that absorb light using
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exterior photopigment, which triggers a cascading effect and releases neurotransmitter in the
synapse [16]. The two types of photoreceptors that are present in the human eye are rods and cones
[10]. Rods are responsible for greyscale visual perception while cones provide the perception of
color [10].
The macula and fovea are substructures within the retina [7]. The macula contains a high
number of light-sensitive cells that are important for detailed vision [7] [10]. The fovea is a specific
point within the macula that is responsible for sharpening central vision [7]. While the macula and
fovea concentrate on central vision, the remainder of the retina is dedicated to peripheral vision
[10]. Another point of interest along the retinal wall is the optic disc. This is a slightly raised,
circular area that acts as the transition point from the eye to the optic nerve. The optic disc does
not contain photoreceptors and is widely known for creating the visual ‘blind spot’ [17].

Figure 2: Schematic of the retinal structure within the human eye. Adopted from [18].
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2.1.3

Conversion of Light into Visual Images

The process of sight begins when light enters the eye through the pupil. The light must
successfully transmit through the cornea, aqueous humor, lens, and vitreous humor, all of which
are transparent structures [8] [12]. Focused light that reaches the back of the eye, or retina, is
converted into electrochemical signals through a series of photoreceptor interactions in the retinal
wall (Figure 2) [7]. The signals are then sent to the optic nerve, which is a group of nerves that
transmits visual information from the eye to the brain [7] [10]. The visual cortex of the brain
processes electrochemical impulses from the eye to provide an image [10].

2.1.4

Dimensions of the Eye

Although the eye is generally spherical in shape, the exact geometry of the human eye is
variable. The shape and dimensions of the eyeball can differ, even between two eyes belonging
to the same person [19]. The diameter of the eye is typically measured in several dimensions to
gain an accurate representation of its 3-D shape and size (Figure 3) [19]. The average adult eye
diameters have been measured to be 23.5 mm transverse, 23 mm vertical, and 24 mm axial [12].
In healthy adults, the transverse diameter has been found to range in diameter from 20.9
mm to 27.1 mm, when measured from sclera to sclera [19]. The vertical diameter has been found
to range in diameter from 20.5 mm to 26.4 mm, when measured from sclera to sclera [19]. The
axial diameter has been found to vary when comparing measurements between subjects with
conditions of myopia (near-sightedness), emmetropia (normal), and hyperopia (far-sightedness)
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[19]. Among these three conditions, the axial diameter has been shown to range from 19.9 mm to
26.2 mm, with the largest median diameter measured in myopic eyeballs and the smallest median
diameter measured in hyperopic eyeballs [19]. The factors of age and ethnic background have not
been shown to produce a statistically significant difference in eyeball dimensions [19].

Vertical diameter
Geometric equator
Transverse diameter

Anterior
pole

Axial
diameter

Posterior
pole

Meridian

Figure 3: Geometric axes of the human eye. Adapted from [12].

10

2.2

Ocular Cancers

The human eye is a relatively rare location for cancer to occur within the body. In the
United States, between 2,100 and 2,500 cases of eye cancers are reported annually [1]. Primary
ocular cancers are cancers that originate within the eye [3]. Intraocular cancers are formed from
within the eyeball. The two most common types of primary intraocular cancers are retinoblastoma
and uveal melanoma [1]. Retinoblastoma is most often a childhood disease, sometimes medically
referred to as pediatric retinal neoplasm retinoblastoma [1]. The primary radiotherapy method used
in retinoblastoma treatment is external beam radiation [4].

Figure 4: Image (a) depicts a human eye affected by retinoblastoma. Image (b) depicts a human
eye affected by uveal melanoma. Adopted from [1].

Uveal melanoma is the main disease for which eye plaque brachytherapy is recommended
and prescribed [1] [4]. The cause of this type of cancer is not fully understood, but risk factors
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include age, genetics, ethnicity, skin and eye coloring, and more [3]. Ocular melanoma originates
from genetic mutations in the pigment-producing cells called melanocytes [3]. Cutaneous, or skin,
melanoma also originates from melanocyte mutation, but the two diseases do not typically occur
in the same patient [3].
In the United States, 4,070 cases of uveal melanoma were recorded from 1973 to 2008 [2].
These cases made up 3.1% of the total melanoma prevalence during this timeframe [2]. Of these
cases, 3,257 originated in the choroid, 743 originated in the ciliary body, and 70 originated in the
retina [2]. Uveal melanoma can occur in childhood, but it occurs much more frequently in the older
population. The average age at diagnosis in the United States from 1973 to 2008 was 62 [2]. Uveal
melanoma is disproportionately prevalent in adults of European ethnicity or descent, often with
light skin and eye coloring [1]. It is estimated that nearly 67% of uveal melanoma incidence occurs
in patients of the white, non-Hispanic race [1]. Incidence of this disease is equally likely in both
sexes [2].
From 1973 to 2008, the five-year relative survival rate in patients with ocular melanoma
remained approximately constant at 81.6% [2]. From 2009 to 2015, the five-year relative survival
rate for all ocular melanomas was reported as 82% [20]. During this timeframe in cases without
metastasis, the five-year relative survival rate was 85% [20]. However, in rare and aggressive
primary uveal melanoma cases that spread to other areas of the body, the reported five-year relative
survival rate, was only 13% [20]. This is largely due to the fact that, among cases with subsequent
spread to the body, approximately 90% involve metastasis to the liver [1] [3].
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2.3

2.3.1

Medical Imaging of the Eye

Fundus Camera Imaging

Fundus cameras are utilized in medical imaging to photograph the back of the interior eye,
particularly the retina. These images are utilized by ophthalmologists, medical physicists, and
other medical professionals for diagnosis, monitoring, and treatment of various eye conditions
[21]. To accomplish imaging of the back of the eye, fundus cameras must simultaneously
illuminate and photograph the area of interest with a high level of detail [21]. Using the pupil as
an entry point or opening into the eye, fundus cameras are able to view the retina at a given angle
of view. The device is able to magnify and image the fundus because it is designed as both a lowpowered microscope as well as a camera with flash capability [21].
The first studies containing images of a living human fundus were published in 1886 by
W.T. Jackman and J.D. Webster [22]. Fundus cameras have evolved significantly since their initial
development, most notably in the field, or angle, of view [21]. Early fundus cameras were able to
view approximately 30° of the eye in one image, while modern technology has allowed for some
cameras to view 100°and even up to 200° [21] [23]. Narrow angles of view provide a higher
amount of magnification, while wide views provide image coverage of larger retinal areas (Figure
5) [21]. For example, a 30° angle of view provides a fundus photograph that is magnified to 2.5
times that of the actual fundus [21]. The fields of view that range from 45° to 200° are part of a
sub-category of fundus imaging known as widefield or ultra-widefield imaging (Figure 6) [21]
[24] [25] [26].
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Figure 5: General fundus angle of view eye schematic (top left), and fundus image examples of
the same retinal location at 20° (bottom left), 40° (top right), and 60° (bottom right) angles of
view. Adopted from [21].

Figure 6: Widefield retinal photograph. Adopted from [27].
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In radiation oncology, fundus cameras are useful for tumor size and location analysis. The
height of an intraocular tumor cannot be determined from fundus images because of the 2-D nature
of photographs. However, fundus cameras can provide a clear image of the base area of a tumor
and its location along the wall of the eye relative to that of identifiable retinal substructures [6].
Fundus cameras cannot be used to image ocular tumors that are located in the anterior portion of
the eye, such as uveal melanoma that originates in the ciliary body or iris [6].
When utilizing traditional fundus cameras that capture a 30° to 50° field of view, often
multiple images of the eye are taken [25]. Several photographs of the same retina can be collaged
together to create a larger map of the overall fundus [6] [25]. Prior to modern digital technology,
these collages were created using printed photographs were cut and overlaid together (Figure 7)
[27]. Today, this collaging process can be done using image analysis software, which allows for
size calibration of each photograph (Figure 8) [6] [27].

Figure 7: Historical fundus collage using physical, printed retinal photographs. Adopted from
[27].
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Figure 8: Digitally collaged fundus images. Adopted from [27].

2.3.2

Computed Tomography

Computed tomography (CT) technology was first introduced in 1972 [14]. It utilizes a
rotating X-ray source to capture cross-sectional images of the body that collectively create a 3-D
picture of the area of interest [28]. An X-ray tube circles around a ring-shaped structure called a
gantry to deliver a narrow beam of radiation through the body [28]. A set of detectors are located
within the gantry, opposite of the radiation source at any given point, to detect X-rays that have
passed through the body [8] [14]. The X-ray beam in a CT machine is well-collimated and narrow,
at approximately 1 to 10 mm in width [8]. As several thin beams pass through several points within
the body, the various tissue structures and densities have differing levels of X-ray absorption [14].
X-rays traveling through dense tissues experience higher attenuation, while X-rays traveling
through tissues of lower density experience less attenuation [8] [14]. The detectors within the
gantry quantify the difference in attenuation [8]. Image reconstruction is completed with complex
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algorithms that utilize the variance in X-ray absorption among different tissues to correspond with
image brightness [8] [14].
CT imaging can be used to image the orbit of the eye, the eyeball, and surrounding tissues
(Figure 9). Close-up CT images of the eye provide an accurate representation of tumor location
along the retinal wall. This is because several thin, cross-sectional CT images cumulatively form
a detailed 3-D reconstruction of the ocular anatomy [14].

Figure 9: Orbital CT image (left) and close-up CT scan of ocular region used for dimensional
measurement and tumor location identification in the treatment planning process (right).Adopted
from [29] (left) and [6] (right).
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2.3.3

Ultrasound Imaging

Ultrasound technology utilizes high-frequency sound waves, rather than ionizing radiation,
to acquire black and white images of the body [30]. The images can be taken from many angles
but they are 2-D and showcase a small ‘slice’ of the body, on the order of 1 mm in thickness [30].
An ultrasound device creates sound waves that are emitted via crystals in a transducer that are
sensitive to changes in electrical signals and physical vibrations [30]. As the waves enter the body,
the transmission and reflection of the sound waves differs based upon tissue composition [30].
Ultrasound technology measures how long it takes for a given sound wave to reflect back to the
probe as an echo for detection [30] [31]. Tissue boundaries are the predominant location of
reflective surfaces [31]. This imaging method is only effective if the variation in the speed of sound
is slight between all media being imaged [31].
Ultrasound images are less detailed than CT scans and lack identifiable structures within
the eye to provide a relative location [6]. However, this type of medical imaging is useful for ocular
cancer treatment planning because a tumor height measurement can be taken (Figure 10) [6]. The
height of the tumor can be measured from the base along the retinal wall to the apex, or top, of the
tumor dome [6].
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Figure 10: Ultrasound image of a human eye with an ocular tumor along the retinal wall.
Adopted from [6].

2.4

2.4.1

Image Distortion from 3-D to 2-D Conversion

Cartographic Distortion

A long-studied cartographic problem is that of projecting the 3-D Earth onto a 2-D plane.
There is no method of map projection that creates a perfect translation from three to two
dimensions; at least one type of distortion will occur [32]. Projection distortion can manifest as an
inaccurate representation of one or more of the following map characteristics: distance, size,
direction, and shape [32]. While various methods of projecting the Earth onto a map have been
suggested, three main projection theories, or categories, exist [32].
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Conventional projections do not preserve area or shape, but rather other map characteristics
[32]. This type of projection includes the azimuthal equidistant map, which is projected so that
every point on the projection is proportionally distant and located in the proper direction [32].
Equal-area projections preserve the characteristic of size [32]. Any given area on this type of map
maintains the proper size ratio relative to that of the Earth as a whole [32]. Conformal projections
maintain shape and angle in localized areas of the map [32] [33]. The commonly known Mercator
projection is one type of conformal world map [32] [33]. Conformal projections contain peripheral
distortion that increases as distance from the equator increases (Figure 11) [32].
These various types of cartographic distortion can be measured and compared using a
cartographic tool known as Tissot’s Indicatrix [33]. Tissot’s Indicatrix consists of circles located
at intersections of the grid on a map (Figure 11) [33]. In the absence of distortion, the circles remain
the same size and shape [33]. However, when various types of cartographic distortion are present,
the circles are modified to demonstrate the distortion pattern in the map projection.
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Figure 11: A collection of red circles represent Tissot’s Indicatrices, which demonstrate that the
projection of the Earth onto a 3-D globe (left) experiences no distortion. In contrast, the
conformal Mercator projection (right) maintains the shape of Tissot’s Indicatrices, but the map
experiences size distortion towards the poles. Adopted from [34].

2.4.2

Fundus Image Distortion

Retinal distortion is unavoidable during the fundus imaging process [25]. In many ways,
retinal photography is similar to cartographic projection of the Earth. Both processes involve the
conversion of a 3-D, globe-like structure into a 2-D plane. In addition, slight discrepancies in optics
or the fundus camera itself may also contribute to image distortion [35].
Fundus image distortion has been quantified with optical ray tracing using two measures
of absolute error: eccentric error and local error [35]. This was done using a simplified emmetropic
eye model that assumed ideal spherical ocular geometry (Figure 12) [35]. Eccentricity error
quantifies the distortion that occurs in the distance measured between the posterior pole of the eye
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and a peripheral point along the retina as a function of camera angle (β) [35]. The eccentricity
error (E1) for an emmetropic eye model was calculated using Equation 1:

𝐸1 [%] =

|𝐿𝑝 − 𝐿𝑠 |
× 100
𝐿𝑠

(Equation 1)

where Ls is the arc length along the sphere and Lp is the corresponding length on the image plane
(Figure 12) [35].
Local error quantifies the distortion that occurs in the distance measured between two
peripheral points along the retina as a function of camera angle (β) [35]. The distance between the
two peripheral points corresponds to a change in camera angle of 1° [35].The error (E1) for an
emmetropic eye model was calculated using Equation 2:

𝐸2 |𝛽 [%] =

|𝛥𝐿𝑝 − 𝛥𝐿𝑠 |
× 100
𝛥𝐿𝑠

(Equation 2)

where ΔLs is the arc length along the sphere and ΔLp is the corresponding length on the image
plane (Figure 12) [35].
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Figure 12: Emmetropic simplified eye schematic with geometric variables displayed. Adopted
from [35].

The camera angle, β, described the angle of variance from the initial camera axis, which
was equivalent to half of the total field of view of the camera [35]. Using an ideal emmetropic eye
model, it was found that fundus image distortion increased as the camera angle widened (Table 1)
[35]. The local error from a fundus camera with a 50° field of view was found to be 24.4%,
suggesting that peripheral distortion in fundus imaging is especially significant [35].

Table 1: Measure of the absolute eccentricity and local errors in fundus imaging of an
emmetropic, simplified eye model. Errors are calculated at several camera angle measures.
Adapted from [35].
Camera angle, β Camera field of view Eccentricity error, E1
(°)
(°)
(%)
5
10
15
20
25

10
20
30
40
50

0.3
1.1
2.5
4.5
7.3

Local error, E2
(%)
1
3.7
8.2
15.0
24.4
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The distortion of widefield and ultra-widefield images has been found to be more
significant than traditional fundus images [25]. In comparison to traditional camera field of view,
ultra-widefield images have been shown to experience 3.08 ± 1.65° in a 180° position relative to
the anterior pole, and 5.04 ± 2.56° in a 90° rotated position [25]. There are benefits to widefield
imaging, but clinical use of this technology must quantify and incorporate the additional distortion
into calculations of area or length in retinal images.
There are many methods and investigations that have studied the quantified significance of
fundus image distortion. In 2018, Nicholson et. Al were the first to measure the level of distortion
through the use of a 3-D printed model eye (Figure 13) [23].

Figure 13: Side view (left) and posterior view (right) of a 26 mm axial diameter 3-D printed eye
model schematic with concentric rings spaced 9° apart. Adopted from [23].
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Experimentation using the Optos® 200TX model fundus camera confirmed statistically
significant peripheral distortion [23]. This model of camera utilizes modern imaging technology
to capture ultra-widefield photographs of the retina that can span up to 200° [23]. However, despite
the use of V2 Vantage Pro software to preemptively correct image distortion, it has been found
that retinal distortion still exists in images produced using the Optos® 200TX model fundus
camera [23]. Three separate 3-D printed eye models of axial diameters 22 mm, 24 mm, and 26 mm
were created and photographed using Optos® equipment [23]. Each eye model contained a series
of concentric rings in place of the retina that were spaced 9° apart [23]. In addition, each eye model
contained a 6.0 mm optic AcrySof® multi-piece MA60AC intraocular lens [23]. The true area of
each ring was calculated prior to imaging. Once photographed, the area of each concentric ring
was measured using pixel analysis via ImageJ visual analysis software. The true ring area was
compared to the pixel area of the image to determine an enlargement factor, or ratio, for each ring
(Table 2) [23]. No statistically significant difference in image distortion was found between eye
models with different axial diameter measurements [23].
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Table 2: Area enlargement ratios for 3-D printed eye models of varying axial diameters.
Adapted from [23].
Axial Length (mm)
Angle (°)
0-9
9-18
18-27
27-36
36-45
45-54
54-63
63-72
72-81
81-90
90-99

2.5

2.5.1

Ring Number
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24

26

1
2
3
4
5
6
7
8
9
10
11

1.00
1.15
1.19
1.25
1.33
1.40
1.51
1.62
1.74
1.90
2.06

1.00
1.10
1.15
1.23
1.30
1.37
1.47
1.61
1.76
1.87
1.97

1.00
1.12
1.15
1.23
1.31
1.36
1.47
1.62
1.73
1.93
2.04

Radiation Dosimetry

Mechanisms of Photon Interaction

Gamma rays and X-rays are both considered photons, differing only in their location of
origin [8]. Photons are neutral, or uncharged, and cannot undergo Coulombic interaction with other
particles [36]. Instead, photons interact with matter via three primary mechanisms: photoelectric
absorption, Compton scatter, and pair production (Figure 14) [8] [37].
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Figure 14: Photon interaction mechanism probability as a function of photon energy. Adopted
from [38].

Photoelectric absorption, also referred to as the photoelectric effect, occurs predominantly
with low energy photons and in materials with a high atomic number, Z [8]. In this mechanism, an
incident photon collides with a bound electron, causing it to be removed from the atom [37]. All
energy from the photon is transferred to the electron during this collision [37]. Therefore, the
energy of the ejected electron is equal to that of the incident photon minus the binding energy of
the electron [37]. The hole, or vacancy, that is created in the shell must be filled by an outer-shell
electron via de-excitation [37]. During this cascading process, a characteristic X-ray is emitted
[37]. The probability of photoelectric absorption, τ, is approximately proportional to Z5/E3 [37].
Compton scattering is an interaction mechanism occurs predominantly in photons with an
incident energy ranging from approximately 0.5 MeV to 10 MeV [37] [38]. In this mechanism, an
incident photon collides with an electron [37]. When this collision occurs, only a part of the kinetic
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energy from the incident photon is transferred to the free electron, causing both to scatter at angles
confined by the conservation of momentum and energy [8] [36]. Compton scatter is most likely to
occur between a photon and an outer-shell or free electron [8] [37]. The fraction of energy
possessed by the scattered photon can be described by Equation 3:

𝐸′
1
=
𝐸 1 + ( 𝐸 )(1 − 𝑐𝑜𝑠(𝜃))
𝑚0 𝑐 2

(Equation 3)

where E’ represents the energy of the scattered photon, E represents the incident photon energy,
m0c2 represents the rest mass energy of an electron, and θ represents the angle of the scattered
photon [8]. The probability of interaction via Compton scatter, σ, is approximately proportional to
Z/E [37].
Pair production can occur only when the energy of an incident photon exceeds a threshold
value of 1.022 MeV [8]. Therefore, it is the predominant mechanism of interaction for high-energy
photons [37]. In this mechanism, a photon interacts with the electromagnetic field as it travels near
the nucleus, and its energy is transformed into an electron-positron pair [8] [37]. Each of these two
particles has a rest mass energy of 0.511 MeV (511 keV), as described by Equation 4:

𝐸 = 𝑚𝑒 𝑐 2

(Equation 4)
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where E represents energy, me represents the mass of an electron (or positron), and c represents
the speed of light [8]. Any additional energy from an incident photon above 1.022 MeV is
dispersed among the positron and electron [37]. Once the particles expend their kinetic energy via
mechanisms such as excitation and ionization, the positron combines with an electron and both
annihilate into photons of energy 0.511 MeV [8] [37]. The probability of interaction via pair
production, κ, is approximately proportional to Z2+Z [8].

2.5.2

Absorbed Dose

Absorbed dose is a measure of the radiation energy deposited per unit mass of tissue, as
described by Equation 5:

𝐷𝑎𝑏 =

𝛥𝐸
𝛥𝑚

(Equation 5)

where E represents energy and m represents mass [8]. In medicine, the most commonly used unit
of dose is the Gray (Gy), in which 1 Gy is equivalent to 1 Joule per kilogram [8]. When tissues of
varying densities within the body are exposed to photon radiation, the absorbed dose may vary [8].
This phenomenon can be explained using a more complex definition of absorbed dose, as described
in Equation 6:

𝜇𝑒𝑛
𝐷 =𝛷×𝐸×( )
𝜌

(Equation 6)
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where Φ represents the flux of photons through an area of interest, E represents the energy of the
incident radiation, and (μen /ρ) represents the mass energy absorption coefficient [8]. The the mass
energy absorption coefficient varies with both energy and medium density [8].

2.5.3

Radiation Dose-Response Models

The linear no-threshold (LNT) model is considered the most widely accepted theory for
predicting the risk of stochastic effects due to ionizing radiation exposure [39]. Stochastic effects
induced by radiation are defined as randomly occurring outcomes in the body, including heritable
effects and cancer [8] [39]. The LNT model follows a linear trend of increasing risk as radiation
dose increases (Figure 15) [8]. There is no minimum dose limit in this model, suggesting that any
exposure to radiation is predicted to increase a person’s risk of observed stochastic effects [8]. The
linear-quadratic model is the accepted model for describing the risk of developing leukemia as as
result of radiation exposure [39]. It is similar to the LNT model in that no dose threshold is
necessary for risk to increase; however, this model follows a quadratic pattern of response as dose
increases (Figure 15) [14] [39].
Non-stochastic effects, also called deterministic effects, follow a threshold-sigmoid model
(Figure 15) [14]. This model theorizes that a threshold dose exists and must be reached before any
observable effects take place [8]. Like the LNT model, the risk of effects and response level
increase as the dose level increases in the threshold-sigmoid model (Figure 15) [8]. For effects to
be considered deterministic, there must also be a direct cause that links radiation dose to the
observed response [8]. Non-stochastic effects within the body are more closely related to the
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specific tissue or organ that received a given dose. For example, the development of cataracts in
the ocular lens is considered a deterministic effect due to radiation dose to the lens (see Section
2.1.1) [8].

Figure 15: The linear no-threshold (lower blue) and linear-quadratic no-threshold (upper blue)
models describe the dose response curve for stochastic effects. The threshold-sigmoid (red)
model describes the dose response curve for deterministic effects. Adopted from [14].

2.5.4

Radiation Interaction with DNA

When ionizing radiation enters the body, it can interact with tissue and cause damage to
deoxyribonucleic acid (DNA), which is located within the nuclei of human cells [14]. The
mechanism of interaction can be either direct or indirect [14]. Directly ionizing radiation causes
structural damage to DNA upon interaction [14]. While charged particles, such as α and β, interact
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directly with DNA, photons interact indirectly [14]. This mechanism involves interaction with
water molecules, leading to ionization and a series of chemical reactions that form reactive
hydroxyl (OH-) free radicals [14]. Free radicals are able to interact with DNA and break bonds
within the DNA strands, leading to damage [14].
There are multiple types of damage that can occur to DNA strands. In some cases, the
damage incurred can be mended via various bodily repair mechanisms [14]. However, even when
radiation-induced damage cannot be reversed, some cells may continue to undergo mitosis and
proliferate [14]. The resulting daughter cells contain mutated DNA which can lead to observable
negative effects in the body [14].

2.5.5

Recommended Annual Dose Limits to the Lens of the Eye

The

International

Commission

on

Radiological

Protection

(ICRP)

provides

recommendations for stochastic and deterministic annual dose limits. According to ICRP
Publication 103, the annual recommended equivalent dose limit to the lens of the eye is 150 mSv
for occupational workers and 15 mSv for the general public [40] [41]. It is important to note that
there is no specific equivalent dose limit recommendation for the remainder of the volume of the
eye. The equivalent dose is a sum of all external exposures and committed internal exposures to
radiation [41]. The recommended annual dose limit to the lens of the eye differs from that of other
deterministic dose limits because of the unique potential effect of radiation on the lens. Excess
radiation dose to the lens of the eye can increase the likelihood of cataract formation, which can
negatively impact a person’s vision and subsequent quality of life [42].
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2.5.6

Radiation Dose Limits for Medical Patients

With modern technology, radiation exposure from medically related procedures now
accounts for more human exposure than any other single source of radiation [43]. In medical
situations, such as the use of radiation in cancer treatment, ICRP recommended dose limits do not
apply [43]. The administration of high doses of radiation for radiotherapy is a unique circumstance
in that the radiation dose offers more benefits than risks to the patient [43]. However, it is important
to note that the administered dose should be controlled and maximized at the target site of a tumor,
while minimized to all surrounding healthy tissue [43]. This is achieved by continuing to
implement the radiation safety principles of justification and optimization [43]. Justification of an
administered dose involves a conscious, controlled administration of radiation that has been
thoroughly determined to provide more benefits to a patient than harm [43]. Optimization involves
providing the most effective situational measures of protection to the patient and others involved
in the procedure while not impeding the controlled and necessary administration of radiation [43].

2.6

2.6.1

Intraocular Cancer Clinical Treatment

Treatment Options for Intraocular Tumors

Several options exist for the treatment of eye cancers. Historically, tumors within the eye
were often treated via enucleation, or removal, of the affected eyeball [44] [45]. This surgical
method is still utilized in severe cases, but other treatment options now exist that aim to remove
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the lesion while preserving the eyeball and maximizing visual capability [4]. Both internal and
external radiation administration to the tumor are viable options for treating some ocular cancers
[4]. External proton beam therapy and eye plaque brachytherapy are two different forms of
radiotherapy that are currently used to treat ocular tumors [4] [44].

2.6.2

Eye Plaque Brachytherapy

Ophthalmic plaques are commonly used in brachytherapy for the treatment of intraocular
tumors [4]. Eye plaques are typically round and cap-like in shape, with several suture eyelets lining
the perimeter for use in surgical implantation (Figure 16) [6]. Some plaque designs include an
indented notch in the shell to spare the optic nerve if the tumor site is nearby [6]. Plaques consist
of an outer shell with radioactive seed beds located on the inner (concave) portion of the device
[46]. Typically, the shell of an eye plaque is comprised of gold or steel because of their radiation
shielding properties against most photons [5] [47]. The seed beds are structurally arranged to
provide a uniform dose coverage that can be tailored to conform to the tumor, which lies beneath
the plaque after implantation [4] [46]. Customizing the radioactive seed arrangement involves
selecting the proper radiation source strength of each seed and placing seeds in appropriate bed
locations within the plaque [4].
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Figure 16: Iodine-125 radioactive seed arrangement (left) for a Collaborative Ocular Melanoma
Study (COMS) eye plaque model (right). Adopted from [46].

When defining a targeted volume to treat using eye plaque, it is standard to include both
the complete tumor volume and a slight margin [5]. A margin is a measured extension slightly
beyond the tumor dimensions that is important in the case of plaque placement error [5]. By
defining a uniform margin around the tumor, typically at least 2 mm in every dimension, there is
a higher level of certainty that the entire lesion will receive the prescribed radiation dose [5].
The process of implanting an eye plaque is invasive. The device must be surgically placed
onto the eye using sutures to connect the plaque to the sclera [4] [6]. It is crucial for the surgeon
to arrange the plaque using a high level of precision because the area of the eye located directly
beneath the plaque receives the full, prescribed dose of radiation [6]. This is significant because
the average delivered dose is 85 Gy [4] [5]. During implantation, the concave portion of the plaque
is positioned to face the sclera so that the radioactive seeds are unshielded from the eye volume
(Figure 17). The outer gold or steel shell shields the tissues and structures that surround the eye,
minimizing the radiation dose to healthy areas of the body [47].
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Figure 17: Arrangement schematic of eye plaque brachytherapy using 125I radioactive seeds and
a COMS plaque that is oriented to surround the targeted volume. Adopted from [44].

Upon completion of surgical implantation, ophthalmic plaques are typically left in place
for approximately five to seven days to deliver a constant level of radiation at the prescribed dose
over that timeframe [4]. A lead patch worn over the treated eye is often required to prevent
radiation exposure beyond the ocular volume [4]. The specific aspects of any treatment
prescription are determined with individual patient needs in mind by medical professionals. This
method of radiotherapy may be solely used to treat an ocular tumor, or it may be combined with
additional forms of treatment.
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2.6.3

Iodine-125 Radioactive Seeds

Iodine-125 (125I) is a radioisotope with a half-life of 59.4 days [48]. It decays (Figure 18)
exclusively via the electron capture process to tellurium-125 (125Te), as described by the following
nuclear reaction [48]:
125
53𝐼

+ −10𝑒 →

125
52𝑇𝑒

During electron capture, the parent nucleus captures an orbital electron, often from the K
shell [8]. An electron from an outer shell must de-excite to fill the newly created vacancy and a
characteristic X-ray is emitted in the process [8]. In the case of

125

I, the radionuclide undergoes

electron capture to an excited state of 125Te [48]. Next, a photon of energy 35.5 keV (0.0355 MeV)
is emitted almost instantaneously as an outer electron falls and further decay to the ground state of
125

Te occurs [48]. The characteristic X-ray of 35.5 keV is associated with the daughter

radionuclide, rather than the parent, because it is emitted after electron capture has occurred [8].

Figure 18: Nuclear decay scheme of 125I. Adopted from [49].
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I is the most commonly used radioisotope in eye plaque brachytherapy [45]. It is a

favorable source selection because of the low photon energy associated with

125

I nuclear decay

[45]. Low-energy photons are more easily shielded, which aids in minimizing radiation dose to
surrounding healthy tissue [45]. The radioactive seeds used in eye plaque brachytherapy are
approximately the size and shape of a grain of rice (Figure 19) [4]. The seeds typically consist of
radioactive material encapsulated by a thin titanium coating [50]. Radioactive seeds vary in
activity levels for different medical applications, but some can contain as much as 12 millicuries
(mCi) in a single seed [50].

Figure 19: IsoAid Model IAI-125 iodine-125 radioactive seed specifications. Adopted from [50].
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2.7

2.7.1

Plaque Simulator™ Software

Overview

Plaque Simulator™ is a clinical software used for conformal eye plaque brachytherapy
treatment planning in radiation oncology. It was created by Professor Emeritus Melvin Astrahan
of Eye Physics, LLC and was licensed in 1994 [6]. The software functions in partnership with
IsoAid, LLC, a provider of brachytherapy medical products [51]. In this software, combination of
CT, ultrasound, and fundus images are first collectively used to reconstruct the 3-D eye and
identify the size and location of the tumor that is present [6]. Useful fundus images for treatment
planning must successfully photograph the optic disc, macula, and tumor to the greatest extent
possible [5].
The software package has the ability to 3-D model the eye and subsequently simulate a
brachytherapy treatment session [6]. The software simulation process uses predetermined
correction factors to complete calculations related to radiation dose [51]. Plaque Simulator™ can
model treatment using the following radioactive sources: iodine-125 (125I), palladium-103 (103Pd),
iridium-192 (192Ir), and ruthenium-106 (106Ru) [51]. In addition, several ophthalmic plaque models
and sizes are available and interchangeable within the software. Other treatment factors, such as
radioactive seed source strength, total number of seeds within the plaque, and treatment duration
can also be manipulated. The virtual treatment simulation allows for medical professionals, such
as medical physicists and dosimetrists, to trial several plan variations prior to the live patient
session. Another primary use of the software is to properly place an eye plaque along the sclera to
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effectively deliver radiation to the tumor site while minimizing dose to the surrounding healthy
tissue. Plaque placement is carried out during surgical implantation and it relies on treatment
simulations for accuracy. For this reason, it is essential to determine the correct location for the
eye plaque during the planning process. Treatment simulations allow for the most effective plan
to be selected and properly implemented. The visual and informational outputs of Plaque
Simulator™ treatment simulations include retinal diagrams and retinal dose-area histograms (see
Section 2.7.2). Additional documentation and details of the patient simulation are also included in
the software output for medical use.

2.7.2

Visual Outputs

A retinal diagram is a polar-coordinate map of the retinal surface within the eye (Figure
20) [51]. This type of 2-D projection is an azimuthal equidistant map (see Section 2.4.1) [51]. In
treatment planning, the posterior pole of the eye is set as the center of the map, and all points
outward from the center are proportionally distant [51]. Fundus images can be overlaid on the
retinal diagram in Plaque Simulator™, allowing for visual alignment of coordinate locations [51].
The retinal diagram is an essential tool for the conversion of a treatment simulation into a surgical
implantation. A surgeon utilizes the polar coordinates in the diagram to place the eye plaque along
the sclera by identifying the coordinates of each suture location [51].
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Figure 20: A retinal diagram generated in Plaque Simulator™ with overlaid fundus images.
Adopted from [51].

The retinal dose-area histogram (RDAH) is a visual tool used in radiation treatment
planning and analysis of absorbed dose across retinal tissue (Figure 21) [5]. An RDAH graphs the
absorbed radiation dose in several critical ocular structures as a function of the surface area fraction
[5] [51]. Plaque Simulator™ calculates the RDAH for an ocular region that includes the tumor,
the macula, and the retinal area between the posterior pole and the ora serrata [5]. This region
accounts for the photosensitive areas of the retina [5]. The RDAH is used as a tool to monitor the
dose delivered to the tumor and margin while trying to reduce dose to normal tissue [51].
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Figure 21: A cumulative retinal dose-area histogram generated in Plaque Simulator™. Adopted
from [51].
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3 EYE MODEL DESIGN

3.1

Necessary Components and Functions

With modern technology and materials, an eye model can be 3-D printed to nearly mimic
the look of an actual human eyeball. However, the necessary aspects of an eye phantom for the
purpose of medical physics quality assurance are beyond mere visual similarity. It is essential for
the eye model design to function similarly to a human eye during the fundus imaging process. The
phantom design must consist of a cavity that is similar in shape and size to a human eye. The eye
cavity measurements will reflect an average eye model, as outlined in Plaque Simulator™ by Eye
Physics, LLC [51]. For ease of construction, the model could be made of two separate parts that
can be secured together during assembly to create a complete eye model. The model eye may split
along the coronal (frontal) plane to divide the eye into anterior and posterior halves that differ in
axial radius (Appendix, Figure 37).
The posterior portion of the eye may be modeled to first order as a perfect hemisphere
(Appendix, Figure 38) [51]. The anterior portion of the eye cannot usually be modeled as
hemispherical; rather, the front of the eye resembles a semi-spheroid with an axial radius that is
shorter than the vertical and transverse radii (Appendix, Figure 36) [51]. The anterior half of the
eye contains several major structures, including the pupil opening, cornea, and ocular lens [10].
An opening should be present at the most anterior point of the eye model that mimics the size and
shape of a dilated pupil, approximately 8 mm (Appendix, Figure 39) [11]. The pupil opening
allows the fundus camera to image the interior portion of the eye in the same manner as an actual
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human eye. In addition, a shelf or ledge should be present in the anterior model to accommodate
the attachment of an artificial lens that will aid in maintaining the optical properties of the eye
model during imaging.
Perhaps the most important aspect of the eye model design is the presence of equal-length
lines along the cavity walls. The anterior and posterior eye cavity walls should contain thin
longitudinal and latitudinal lines that are spaced consistently from one another, according to arc
length separation (Appendix, Figure 42). The incorporation of such lines will make it possible to
analyze retinal image distortion because the true length of every arc length present in the
photograph will be known, due to their equivalence. It is necessary to note that the arc lengths
separating longitudinal lines (latitudinal arc lengths) will not be equal in measurement throughout
the model; only arc lengths that separate the latitudinal lines (longitudinal arc lengths) will be
equal in measurement. The longitudinal lines will run from the anterior pole to the posterior pole
of the eye, while the latitudinal lines will form concentric rings that parallel the coronal plane
(Appendix, Figure 40 and Figure 41).
In order to 3-D print the model in one piece, the longitudinal and latitudinal grid must be
the same color and material as the rest of the model. This presents an issue because the lines will
not be visible. One solution to this dilemma is to etch the grid into the cavity walls at a depth that
makes them distinguishable during the imaging process. Etched lines also promote structural
integrity because they are much less fragile than a grid system that is a separate, thin piece of
material.
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The model eye must be stabilized and encased by a box to allow for proper positioning and
support throughout the fundus imaging process. The complete box will be formed by two plates,
each containing one of the eye model halves. The anterior plate depth must match the depth of the
anterior eye cavity because both ends of the model contain an opening (Appendix, Figure 44). The
posterior plate depth must exceed the depth of the posterior eye cavity because it must form a
closed hemisphere (Appendix, Figure 43).
In order to successfully take a fundus photograph, a patient must rest their chin and
forehead on attached support pads so that the camera can be positioned at eye level. Ideally, the
model should hold the eye at the approximately the height of an average eye in relation to the
human face. This idea was incorporated into the original draft of the design (Appendix, Figure 45).
However, 3-D printing is a lengthy process. Because of this, it is best to print using the smallest
amount of material necessary to complete the eye model. The design should include a box that
encases the model with a sufficient thickness of material on all sides to maintain proper structural
support and minimize the possibility of damaging or breaking the model. A mold may be created
to hold the eye model at an appropriate and reproducible height for imaging. Such a mold may
also allow for future eye models of different dimensions to be mounted and held in the same
manner.
Optics are another important consideration in the design of a model eye for fundus imaging.
The eye contains several transparent structures and substances that have indexes of refraction that
differ from air. Because of this, a model that is focused on functional similarity should be capable
of being filled with a fluid of a similar refractive index. The vitreous humor is composed nearly
completely of nearly 99% water, which has a refractive index of approximately 1.33 [8]. For this
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reason, water is an appropriate filler fluid for the main eye model cavity. The anterior plate model
should contain a small tunnel used to allow the eye cavity to be filled with fluid. An O-ring must
be positioned in the support box design to surround the eye cavity and prevent fluid leaks. A
circular groove, or channel, must be added to the design to accommodate an O-ring (Appendix,
Figure 40).
An ocular lens is the other major optical component to include in the model design. The
lens itself should be purchased separately rather than 3-D printed. The average total optical power
of the human eye is approximately 60 diopters (D) [52]. Typically, about 67% of this power comes
from the cornea while the remaining 33% is associated with the intraocular lens [52]. However,
this eye model design does not include separate cornea and lens structures. In lieu of a cornea, the
selected lens model must supply the full power of 60 D to maintain the optical properties of the
eye. Optical power for thick lenses in air is described by Equation 7, known as the Lensmaker’s
Equation:

𝑃=

1
1
1 (𝑛 − 1)𝑑
= (𝑛 − 1) [ −
+
]
𝑓
𝑅1 𝑅2
𝑛𝑅1 𝑅2

(Equation 7)

where P represents optical power, f represents focal length, n represents the refractive index of the
lens, R1 represents the front radius of lens curvature, R2 represents the posterior radius of lens
curvature, and d represents the central thickness of the lens [53].
Consideration must be taken in that the medium will not be continuous on either side of
the lens; the environment will change from air in front of the lens to water behind the lens (within
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the eye cavity). Water and air have different optical properties in that they do not share the same
index of refraction; air has a refractive index of 1.00 and water has a refractive index of 1.33 [54].
This phenomenon will affect the focal length of the lens, which averages 16-17 mm for the human
lens in an air medium according to the Lensmaker’s Equation. In water, the focal length increases,
nearing 25 mm. The refractive index of the artificial lens material should be similar to the refractive
index of the human lens, which is approximately 1.4 [8] [12].

3.2

Computer-Aided Design Program Selection

SolidWorks® 2019 was selected as the computer-aided design (CAD) program that would
be used to create the eye phantom model for 3-D printing. This program has the ability to create
detailed, high-quality 3-D models that can be converted to both engineering schematic drawings
and stereolithography (STL) files, which are compatible for the 3-D printing process.
SolidWorks® is one of several CAD software options but was readily available for remote access
during the 2020 COVID-19 pandemic, making it an ideal choice.

3.3

3.3.1

Finalized Model Design Specifications

Anterior Eye Model

The anterior plate design models the front half of the eye, including the pupil opening
(Figure 22). It is 50.0 mm wide, 50.0 mm tall, and 9.40 mm in depth (50.0 x 50.0 x 9.40 mm)
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(Figure 23). Four bolt holes are located within the plate and are fitted for 3.0 mm bolts. The center
of each bolt hole is placed 6.50 mm from each adjacent side of the plate. The holes extend the
entire plate depth. The bolt hole sizes and locations correspond to those of the posterior plate. A
pupil opening of diameter 8.19 mm is centered on the front of the anterior plate (Figure 23).
The anterior half of the eye is modeled as an ellipsoid with an axial radius of 10.0 mm, a
transverse radius of 12.0 mm, and a vertical radius of 12.0 mm. A 2.0 mm tunnel extends from the
top of the plate to the anterior eye cavity, allowing the cavity to be filled with fluid. The anterior
eye cavity contains a grid pattern of latitudinal and longitudinal lines, all with a width of 0.50 mm
(Figure 24). The lines are etched into the anterior support plate at a depth of 1.0 mm. There are 12
longitudinal lines that are each separated by 30° at the median coronal plane (Figure 24). The
longitudinal lines converge at the anterior pole of the eye model, which is not physically present
due to the pupil opening. There are five latitudinal lines that form concentric rings within the eye
cavity (Figure 26). The latitudinal lines are equally separated by arc lengths of 1.43 mm (Figure
25). They are not separated by arc lengths of equivalent degrees because the anterior eye cannot
be modeled as a hemisphere and, therefore, does not have spherical geometric properties.
The anterior eye model also incorporates a placement position for an artificial lens. The
pupil opening is surrounded by a lip that angles outward by 30° to facilitate the placement of a
convex lens (Figure 25). Two curved ledges are located behind the lip that are separated by an
inner diameter of 12.5 mm (Figure 27). The lens ledges curve 90° around the eye cavity and are
also separated by 90°. They are each 1.40 mm in depth, providing a shelf on which an artificial
lens of 12 mm diameter can be securely attached using glue (Figure 27).
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Figure 22: Front view (top left and right) and back view (bottom left and right) of the 3-D
anterior eye model design.
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Figure 23: Schematic drawing of the front and sides of the anterior eye model design, with the
pupil opening at the center. All dimensions are given in millimeters.
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Figure 24: Schematic drawing of the front (right) and sagittal cross section (left) of the anterior
plate model. All dimensions are given in millimeters, unless noted as degrees (°).
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Figure 25: Schematic drawing of a detailed portion of the sagittal cross section of the anterior
plate model, demonstrating that all arc lengths separating the etched latitudinal lines are equal.
All dimensions are given in millimeters, unless noted as degrees (°).
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Figure 26: Schematic drawing of a detailed portion of the anterior eye model cavity, with the
pupil opening at the center. All dimensions are given in millimeters, unless noted as degrees (°).
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Figure 27: Schematic detailed drawings of the lens ledges, located within the anterior eye model
cavity. All dimensions are given in millimeters, unless noted as degrees (°).
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3.3.2

Posterior Eye Model

The posterior plate design models the back half of the eye (Figure 28). It is 50.0 mm wide,
50.0 mm tall, and 17.0 mm in depth (50.0 x 50.0 x 17.0 mm) (Figure 29). Four bolt holes are
located within the plate and are fitted for 3.0 mm bolts. The center of each bolt hole is placed 6.50
mm from each adjacent side of the plate. The holes extend the entire plate depth. The bolt hole
sizes and locations correspond to those of the anterior plate. The back of the posterior plate displays
engraved text: “Oregon State University Nuclear Science & Engineering” (Figure 28, Figure 29).
The posterior half of the eye is modeled as a hemisphere with a radius of 12.0 mm. The
anterior eye cavity contains a grid pattern of latitudinal and longitudinal lines, all with a width of
0.50 mm. The lines are etched into the anterior support plate at, all a depth of 1.0 mm (Figure 30).
There are 12 longitudinal lines that are each separated by 30° at the median coronal plane. These
lines align with the longitudinal lines in the anterior eye cavity. The longitudinal lines converge at
the posterior pole of the eye model (Figure 32). There are ten latitudinal lines that form concentric
rings within the posterior eye cavity. The latitudinal lines are equally separated by 9°, which
corresponds to an arc length of 1.38 mm in the spherical geometry (Figure 31).
The posterior plate also includes an O-ring groove (Figure 30). The groove has an outer
diameter of 36.87 mm and an inner diameter of 29.95 mm. This corresponds to a groove width of
3.46 mm. The groove depth is 2.19 mm. The O-ring groove measurements accommodate the
selected O-ring model (see Section 3.3.3).
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Figure 28: Front view (top left and right) and back view (bottom left and right) of the 3-D
posterior eye model design.
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Figure 29: Schematic drawing of the back and sides of the posterior plate model. All dimensions
are given in millimeters.
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Figure 30: Schematic drawing of the front (right) and sagittal cross section (left) of the posterior
plate model. All dimensions are given in millimeters, unless noted as degrees (°).
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Figure 31: Schematic drawing of a detailed portion of the sagittal cross section of the posterior
plate model. All arc lengths separating the etched latitudinal lines within the hemisphere are 9°
apart and, therefore, equal in length. All dimensions are given in millimeters, unless noted as
degrees (°).
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Figure 32: Schematic drawing of a detailed portion of the posterior eye model cavity. All
dimensions are given in millimeters, unless noted as degrees (°).
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3.3.3

O-Ring

The O-ring is a necessary component of the model that should be purchased separately.
The specifications of the suggested O-ring model selection are listed below in Table 3. There are
several options for O-ring material to meet the needs of various applications. The O-ring material
for the 3-D printed eye model needed to create an effective seal for water at approximately room
temperature. Many available materials met this criterion, so Buna-N (NBR) material was selected
because of its low cost and exceptional performance for the given project conditions [55]. BunaN is a general purpose, nitrile rubber material that can perform in temperatures ranging from -35°
C to 125° C [55].

Table 3: Suggested O-ring selection specifications. Manufacturer information from Marco
Rubber & Plastics, LLC [55].
Model Number
Size
Outer Diameter (OD)
Inner Diameter (ID)
Cross-Section (CS)
Groove Diameter
Groove Depth

USA AS568
916
35.84 mm
29.74 mm
2.95 mm
3.46 mm
2.19 mm
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3.3.4

Optical Lens

The suggested lens selection specifications are listed below in Table 4: Suggested optical
lens selection specifications. Manufacturer information from Edmund Optics® .. The lens is planoconvex in geometry, meaning that only one side of the lens has a radius of curvature. The other
side of the lens model is flat with a radius of curvature equal to infinity. The Lensmaker’s Equation
simplifies for plano-convex lenses in air, as outlined in Equation 8:

𝑃=

1
1
= (𝑛 − 1) [ ]
𝑓
𝑅1

(Equation 8)

where P represents optical power, f represents focal length, n represents the refractive index of the
lens material, and R1 represents the radius of curvature for the convex side of the lens [53].
The suggested lens material was N-BK7, a glass substrate with a refractive index of
approximately 1.51 [56]. This index of refraction is higher than that of the natural human lens, as
is the case for nearly all optical lens materials. The suggested lens has a focal length that reaches
25 mm in water, allowing light to focus on the back of the eye model. If fine tuning is necessary,
the eye model may be filled with a saltwater or saline solution to raise the refractive index of the
eye cavity fluid and alter the effective focal point of the lens. The presence of salt in water causes
the refractive index to increase with increasing salt concentration, reaching a refractive index of
nearly 1.4 at 25% salt concentration [57].
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Table 4: Suggested optical lens selection specifications. Manufacturer information from Edmund
Optics® [56].
Model Number
Geometry
Diameter
Focal Length (FL)
Radius of Curvature (R1)
Radius of Curvature (R2)
Center Thickness (d)
Substrate Material
Refractive Index
Wavelength Range

3.4

45-302
Plano-Convex
12.0 mm
15.00 mm
7.75 mm
∞
4.50 mm
N-BK7
1.51
350 – 2200 nm

3-D Printing of Model Eye

The SolidWorks® eye model files were converted using Ultimaker Cura™ software in order
to be compatible with the 3-D printer. A prototype of the finalized eye model was printed using an
Ultimaker 2™ 3-D printer. It was printed through Dr. Richard Crilly, a medical physicist and
associate professor at Oregon Health & Science University. Both the anterior and posterior plates
were printed in polylactic acid (PLA), a rigid plastic material that is relatively strong and
commonly used in 3-D printing [58]. The PLA material was black in color.
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4 PROPOSED CONTINUATION OF INVESTIGATION

4.1

Assembly and Preparation of the Eye Model

The printed eye model prototype must be assembled and prepared for the fundus imaging
process (Figure 33, Figure 34). The longitudinal and latitudinal lines in the anterior and posterior
eye cavities are grooved and can be filled with a white putty or epoxy that is easily distinguishable
in color from the black acrylic material of the model. This distinction will allow for higher contrast
during the image analysis process. The epoxy will be carefully placed within all grooves to fill the
1.0 mm depth while avoiding the non-grooved portions of the eye cavities. The anterior pupil lip,
lens ledges, and water fill tunnel should also be avoided when inserting the epoxy into the model.
The optical lens will be placed into the anterior eye cavity, fitted between the lens ledges
with the convex side facing the pupil opening. It will be secured to the ledges using a glue adhesive
around the lens edge. Enough adhesive should be applied to create a water-tight seal around the
pupil opening in the anterior plate. The O-ring will be placed in the O-ring groove, located in the
posterior plate. The anterior and posterior plates will be placed adjacent to one another so that the
back of the anterior plate faces the front of the posterior plate, forming a complete eye cavity
(Figure 33, Figure 34). Four 3 mm bolts will be inserted into the corresponding bolt holes to secure
the support box (Figure 35). The eye cavity will be sealed and ready to fill with saltwater that
resembles the vitreous humor fluid. The water will be placed into the cavity via the 2.0 mm
diameter water fill tunnel, located on the top of the anterior plate. Once the eye cavity is filled with
water, the tunnel may be plugged with a small bolt or cap to prevent leakage.
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Figure 33: Front view of the complete two-piece eye model design, positioned for assembly.
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Figure 34: Back view of the complete two-piece eye model design, positioned for assembly.
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Figure 35: Front assembled view (top and bottom left) and back assembled view (top and bottom
right) of the complete two-piece eye model design.
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4.2

Fundus Imaging of the Model Eye

The assembled model eye must be imaged using a fundus camera to create photographs
that will be analyzed for distortion patterns. The model eye box must be kept completely still
during the imaging process to produce clear photographs. This may be facilitated by the creation
of a foam or plastic mold that could contain the eye model box. Fundus cameras are designed for
human use, meaning that the camera is located near the height of an eye in comparison to other
facial features. A typical fundus camera has chin and forehead rests meant to place and stabilize
the eye of interest during use. A mold that mimics the shape of a human head may be useful for
keeping the eye model stable and at the correct location during the fundus imaging process. Such
a mold would require a stable foundation that could rest on a flat surface and keep the mold upright.
It would also require a cutout near the relative location of the human eye that is sized for the
dimensions of the eye model support box.
Several fundus images should be taken using different angles of view, if possible, with the
camera model. The images will vary slightly and provide multiple trials for image analysis using
Plaque Simulator™.

4.3

Expected Results and Analysis in Plaque Simulator™

A successful result will include a 3-D printed model that matches the intended
specifications and is able to be properly assembled with the lens, O-ring, white epoxy, and bolts.
Once assembled and filled with fluid, the phantom will closely mimic the necessary geometric and
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optical properties of a human eye. Successful fundus photographs will be contrasted enough to
clearly display the latitudinal and longitudinal grid pattern.
Plaque Simulator™ software can be utilized to analyze the level of fundus image distortion
using photographs obtained from the eye phantom. Each fundus image can serve as one trial in the
analysis process. An image file can be imported into Plaque Simulator™ and measured for
analysis. Calibration should occur first by using the calibration tool in the software. The optic
nerve will be mimicked by the posterior pole in the eye model. The average fovea is located
approximately 4 mm from the optic nerve, and this known value is often used for image calibration.
The anterior edge of the second concentric ring (latitudinal line) from the posterior pole is located
3.8 mm in arc length from the center of the pole. This may serve as a reference point for calibration.
Each longitudinal arc length present in the photograph should be measured individually in
millimeters. Because the true arc lengths are known and equal, a baseline measurement can be
established. From there, each measurement can be compared to the true arc length to determine an
enlargement ratio. The image can be placed in the retinal diagram, which converts the fundus to
polar coordinates (see Section 2.7.2). This will allow for additional comparison of image distortion
that may occur in the conversion of fundus images to polar diagrams, which is a step in the eye
plaque brachytherapy treatment planning process (see Section 2.6.2). This distortion analysis can
be repeated for all of the obtained fundus images using the eye phantom.
The fundus images will be expected to experience more distortion in the peripheral areas
of the photographs, while displaying minimal distortion near the central posterior pole. While the
distortion cannot be eliminated from fundus images, the knowledge of the distortion level at
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various locations in a photograph can eventually be applied to actual fundus images that include
tumors. The analysis of the conversion of fundus image to retinal diagram may be impactful in the
determination of proper eye plaque placement during the treatment planning process.
Currently, it is difficult to quantify exactly how much error in dose delivery is attributed to
uncorrected fundus image distortion when using Plaque Simulator™. If it was assumed that a
plaque was misplaced by 10% during surgery, this corresponds to an area of healthy eye tissue that
becomes directly exposed to the full radiation dose contained within the plaque. However, the
average prescription of 85 Gy delivers enough radiation dose that some amount of damage would
be expected in surrounding healthy tissue regardless. Of more serious concern would be the area
of tumor that was no longer directly under the eye plaque. For instance, if 10% of a tumor received
70 Gy, rather than 85 Gy, this would correspond to a nearly 18% underdose to that portion of the
tumor. An underdose to any part of the tumor site is significant because the lesion may not receive
a high enough dose to kill the cancer cells. This could risk an unsuccessful treatment that may
result in continued cell proliferation and tumor growth [14]. By analyzing fundus image distortion
in Plaque Simulator™ using the 3-D printed eye model, the level of distortion can be correlated to
eye plaque misplacement. Eye plaque misplacement can further be associated with radiation dose
discrepancies. In this way, fundus image distortion can ultimately be associated with a quantified
error in dose delivery.
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5 CONCLUSION
This thesis project yielded a 3-D printed model eye phantom for use in medical physics
quality assurance. The design modeled the geometry of the human eye more accurately than a
simplified spherical model. In addition, it incorporated an artificial lens and the ability to fill the
eye cavity with fluid, which both aid in recreating the optics of a human eye for fundus imaging
purposes. It was important to create a durable design that would not be prone to breaking or
cracking, even given the relatively small size of the human eye. The model contains a longitudinal
and latitudinal grid pattern that is etched into the eye cavity. The pattern creates longitudinal arc
lengths that are 1.38 mm in the posterior portion of the eye and 1.43 mm in the anterior portion.
Although these measurements vary by 3.5%, they are close in value, especially given that the
anterior eye was modeled in a complex, non-spherical geometry that made a grid pattern difficult
to achieve. In addition, the transition from anterior to posterior arc lengths will be identifiable in
fundus photographs because of the lack of white epoxy in the central latitudinal groove. The grid
pattern will effectively serve its purpose in image distortion analysis.
The eye model design was successfully 3-D printed and will be suitable for assembly and
use in fundus distortion analysis, as described in the proposed continuation of investigation.
Fundus image distortion is unavoidable, but this model will aid in quantifying the amount of
distortion through the calculation of enlargement ratios of the longitudinal arc lengths along the
wall of the eye cavity. If fundus distortion patterns can be better identified in Plaque Simulator™
using the 3-D printed eye model, this can translate into similar distortion patterns in an actual
human eye because of the anatomical accuracy of the design. The findings of the proposed research
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may lead to improvements in the accurate identification of tumor location in patient images. This
ultimately leads to improved ophthalmic plaque placement during surgery, which limits the
radiation dose to unaffected tissues and structures in the patient.
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Figure 36: Schematic draft of the spheroid used in modeling the anterior portion of the eyeball.
Radial measurements are given in millimeters.

Figure 37: Schematic draft of the 3-D shape of the model eye, excluding the anterior pupil
opening. The anterior portion is modeled as a semi-spheroid with a vertical radius of 12 mm,
transverse radius of 12 mm, and axial radius of 10 mm. The posterior portion is modeled as a
hemisphere with a radius of 12 mm.
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Figure 38: Median sagittal cross section draft of the posterior eye model. From left to right, the
image is drawn from anterior to posterior. All measurements are given in millimeters.

Figure 39: Median sagittal cross section draft of the anterior eye model. From left to right, the
image is drawn from posterior to anterior. All measurements are given in millimeters.
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Figure 40: Schematic draft of the posterior eye model from an anterior to posterior perspective.
The center point within the circle is located at the posterior pole, which is 12 mm deep from the
outermost circle. The shaded region surrounding the eye model represents a groove for O-ring
placement. All measurements are given in millimeters, unless noted as degrees (°).
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Figure 41: Schematic draft of the anterior eye model from a posterior to anterior perspective.
The central circle of diameter 8.2 mm is an opening that is located 9.4 mm deep from the
outermost circle. The shaded region surrounding the central opening is a lip angled 30° inwards
to accommodate ocular cornea or lens placement. The shaded region surrounding the eye model
represents a groove for O-ring placement. All measurements are given in millimeters, unless
noted as degrees (°).
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Figure 42: Drafted side view of posterior (left) and anterior (right) eye models. All
measurements are given in millimeters, unless noted as degrees (°).
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Figure 43: Front view (left) and sagittal cross section (right) schematic drafts of the posterior
eye model within its supporting box. All measurements are given in millimeters.
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Figure 44: Back view (left) and sagittal cross section (right) schematic drafts of the anterior eye
model within its supporting box. All measurements are given in millimeters.
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Figure 45: Front view draft of the complete eye model within its supporting box. The posterior
box is shown attached behind the anterior model box, as during assembly and use of the model.
All measurements are given in millimeters.

